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(54) Reduction of NOx emissions from gasoline engines. 

(57) NO x emissions are reduced in two stages during operation of an engine equipped with an exhaust gas 
catalyst system. In the first stage, a reduction in NO x emissions is effected in the exhaust leaving the 
combustion chamber. In the second stage a further reduction in NQ X emissions is effected in the 
exhaust passing through the exhaust catalyst system. Both of the two-stage reductions are brought 
about in the same way, namely (a) by use of a suitable fuel composition containing at least one 
fuel-soluble cyclopentadienyi manganese tricarbonyl compound in an amount equivalent to up to 1/32 
gram of manganese per gallon of fuel; and b) by enhancing the NO x control activity of at least the 
catalyst by prior operation of the engine on such fuel composition, either intermittently or continuously. 
Such prior operation constitutes a run-in or conditioning stage of sufficient total duration (continuous 
or interrupted) so that substantial reductions in NO x emissions are thereafter continuously achieved in 
subsequent operations of the engine. The efficacy of the invention are demonstrated by conducting a 
fleet test involving 48 cars, each operated for 75,000 miles during the test Dramatic reductions in NO x 
were achieved. Moreover, no significant catalyst pluggage, or increase in exhaust gas back pressure, or 
adverse_effect upon oxygen sensors were experienced in the fleet test 
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This invention relates to methods and means for reducing the amount of nitrogen oxides emitted into the 
atmosphere during the operation of spark-ignition interna! combustion engines (often referred to cjuite simply 
as gasdine engines). 

As is well known, the operation of gasoline engines results in the release into the atmosphere of undesirable 
quantities of nitrogen oxides (generally referred to as NO*). In order to ameliorate this adverse situation, con- 
siderable effort has been devoted to the development of catalyst systems to control the amount of NO x emitted 
by gasoline engines, and especially by motor vehicles powered by gasoline engines. The most recent develop- 
ments in the field involve the development of so-called three-way catalysts - Le. f catalysts which are designed 
to control the emission of NO x , carbon monoxide, and un burned hydrocarbons. While such catalysts can be 
pelletized catalysts, the type of exhaust gas catalysts currently preferred in the art are the monolithic catalysts. 
For further details concerning such developments, reference may be had, for example, to Kirk-Othmer, Encyc- 
lopedia of Chemical Technology. John WOey & Sons, Volume 5, copyright 1 979, pages 48-50, and references 
cited therein (listed on page 56 thereof). 

Despite the improvements brought about by use of exhaust gas catalysts, there exists a need to still further 
reduce the amount of NO x emitted into the environment during operation, of spark-ignition internal combustion 
engines. This invention is deemed to fulfill this need in a remarkably effective manner without imposing any 
significant economic penalties on the engine operator or the gasoline producer. Moreover, the practice of this 
invention does not require modification of engine design or changes in the design and composition of present 
day exhaust gas catalysts. And significantly, this invention enables conservation of worldwide petroleum re- 
sources and can contribute to improvements in public health and well being. 

This invention involves, inter alia, the discovery that NO x emissions can be reduced in two stages during 
engine operation. In the first stage, a reduction in NQ X emissions can be effected in the exhaust leaving the 
: combustion chamber. In the second stage a further reduction in NO x emissions can be effected in the exhaust 
passing through the exhaust catalyst system. Moreover both of the two-stage reductions can be brought about 
in the same way, namely by use of a suitable fuel composition pursuant to this invention. It has also been dis- 
covered that the forgoing two-stage reduction in NO x emissions begins to occur after the engine has been op- 
erated in accordance with this invention for a total or cumulative period of time such that beneficial 
enhancements in NO x control occur both in, and/or in proximity to, the combustion chamber and, in addition, 
in the exhaust catalyst system. Once this run-in or conditioning period has taken place, both NO x reduction 
stages can function concurrently during engine operation in accordance with this invention. As a consequence 
of this two-stage NO x reduction, the extent to which NO x is released to the atmosphere by the operating engine 
is significantly less than would be experienced if the engine were not fitted, fueled and operated in accordance 
with this invention. 

To accomplish such NO x reductions, a spark-ignition internal combustion engine, preferably a multicylinder 
internal combustion engine, is provided with (i) a supply of liquid fuel for the operation of said engine, and (ii) 
an exhaust gas catalyst for controlling the amount of pollutants released to the environment via the engine 
exhaust after the exhaust has contacted said catalyst The catalyst is usually composed of a noble metal (Pt 
and/or Pd) or oxide thereof finely dispersed and stably supported on a suitable inorganic earner having a high 
surface area, such as gamma-alumina, zeolite, or silica. Such catalysts are predominantly oxidation-type catal- 
ysts, and can be used in pelletized form, but preferably are in monolithic form. The more preferred catalysts 
are three-way conversion catalysts, which can be either a single bed catalyst or a dual-catalyst bed system. 
Most preferred is a monolithic three-way conversion catalyst system comprising an oxygen sensor, fuel injection 
apparatus and an electronic feedback-controlling system to maintain the air/fuel ratio at a preselected value 
or band of values. For further details concerning catalysts for exhaust gas purification, reference should be 
made to O. Hirao and R. K. Pefley, Present and Future Automotive Fuels . John Wiley & Sons, Inc., Copyright 
1988, especially Chapter Eight at pages 486 through 543, and the references cited therein at pages 562-564 
ot the same book. The fuel supplied to the engine contains at least one fuel-soluble cyclopentadienyl mangan- 
ese tricarbonyl compound in an amount equivalent to up to 1/32 gram of manganese per gallon (approximately 
0.0083 gram of manganese per liter), preferably in an amount in the range of 1/125 and 1/40 gram of man-garv- 
ese per gallon (i.e., in the range of about 0.0021 and about 0.0066 gram of manganese per liter), and more 
preferably in an amount in the range of 1/500 and 1/1 25 gram of manganese per gallon (i.e., in the range of 
0.0005 and 0.0021 gram of manganese per liter); the engine is operated with an excess of air relative to the 
fuel introduced into the combustion chamber; and the exhaust from the combustion of such fuel is caused to 
come into direct contact with the exhaust gas catalyst at an elevated temperature so that after a suitable total 
period of engine operation in this manner, the NO x control activity of the catalyst is enhanced by the prior oper- 
ation of the engine on fuel containing at least one fuel-soluble cyclopentadienyl manganese tricarbonyl com- 
pound in an amount equivalent to up to 1/32 gram of manganese per gallon of fuel. Such combination of 
materials and operational procedures gives rise to a reduction in the quantity of nitrogen oxides in the exhaust 
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emitted into the environment during the operation of the engine equipped and operated in this manner. 
, - Asnoted above, the practice of this invention results in a two-stage reduction in NQ X emissions. The initial 
y<>- reduction of these sequential reductions in nitrogen oxide emissions is in the so-called "engine-out" emissions, 
o :, le. f :the emissions in the exhaust gas as. it leaves the combustion chamber on its .way toward the exhaust gas 
■ V;5 - * catalyst This reduction of NO x is in relation to the quantity of NO x that would be in the engine-out exhaust if 
:^.\vV- : ::the v sarne engine were being operated on the same fuel but without said tricarbonyi compound. In other words 
! this engine-out reduction can be thought of as a reduction brought about by a beneficial modification in the com- 
• bustion process within the combustion chamber caused by or resulting from the presence of the very small. con- 
; centration of me rnariganese tricarbonyi compound in the incoming fuel-air charge. The mechanism by which 
10 this reduction is caused is unknown. However, jt has been observed that the engine-put NO x reduction depends 
... .. upon prior operation of the engine on fuel containing the manganese additive, jt is thus conceivable that the 
engine-out reduction in NO x results at least in part from cpndib'oning combustion chamber surfaces in a bene- 
ficial manner by operating the engine on the manganese-containing fuel intermittently or continuously for a suit- 
able cumulative or total period of time. Thereafter the so-conditioned combustion chamber and the incoming 
-is • manganese-containing fuel cooperate to reduce the engine-put NO x emissions to a very significant extent 

The second-stage or further reduction in nitrogen oxide emissions occurs during the time the engine 
exhaust travels over, through and/or otherwise in direct contact with the hot exhaust gas catalyst, and is deemed 
to result from a catalyst enhancement brought above by prior usage in the engine of fuel containing a cyclopen- 
V tadienyl manganese tricarbonyi compound. In other words, the manganese additive is believed to increase the 
20 effectiveness of the catalyst in the control of NO x emissions by forming a small quantity of a catalytically effective 
residue on or in the catalyst Yet because the manganese additive is present in such small concentrations in 
.:■ thefuel, the amount of residues formed on or in the catalyst is insufficient to. cause unacceptable catalyst plug- 
gage. The net result from the two-staged NO x reduction is a reduction of NO x in the so-called "tailpipe emis- 
: sions", i.e., the emissions in the engine exhaust downstream from the exhaust gas catalyst. Tailpipe emissions 
25 can also be termed "catalyst out" emissions. This total reduction in NO x emissions is in relation to the quantity 
of nitrogen oxides that would be in the tailpipe exhaust from the same engine after contacting the same catalyst 
. operated on the same fuel except that the fuel at no time contained a cyclopentadienyl manganese tricarbonyi 
compound. 

Thus, among the various embodiments of this invention is the combination of a spark-ignition internal com- 
30 bustion engine, a supply of liquid fuel for the operation of such engine, and an exhaust gas catalyst for con- 
trolling the amount of pollutants released to the environment via the engine exhaust after the exhaust has 
contacted such catalyst, this combination being characterized in that: 

a) the fuel contains at least one fuel-soluble cyclopentadienyl manganese tricarbonyi compound in an 
amount equivalent to up to but preferably less than 1/32 gram of manganese per gallon; and 
35 b) the NO x control activity of the catalyst has been enhanced by prior operation of the engine on fuel con- 

taining at least one fuel-soluble cyclopentadienyl manganese tricarbonyi compound in an amount equiv- 
alent to up to but preferably less than 1/32 gram of manganese per gallon of fuel; such that there is a 
reduction in the quantity of nitrogen oxides in the exhaust emitted during the operation of the engine. The 
catalyst is preferably a three-way catalyst or a monolithic catalyst and most preferably a three-way monor 
40 lithic catalyst Preferred combinations of this type are further characterized in that during operation, the 

combination causes a reduction in both engine-out NO 
x and catalyst-out NO x emissions. 

:■ Other embodiments, of this invention include a motor vehicle (e.g., automobile, truck, van, bus or motorcy- 
cle) equipped with a spark-ignition internal combustion engine, a supply of liquid fuel for the operation of the 
45 . engine, and an exhaust gas catalyst for controlling the amount of pollutants in the engine exhaust released to 
. the environment, the fuel containing at least one fuel-soluble cyclopentadienyl manganese tricarbonyi com- 
pound in an amount equivalent to up to but preferably less than 1/32 gram of manganese per gallon of fuel, 
and such vehicle having been previously operated on fuel containing at least one fuel-soluble cyclopentadienyl 
manganese tricarbonyi compound in an amount equivalent to up to but preferably less than 1/32 gram of man- 
50 ganese per gallon of fuel to enhance the activity of the catalyst in controlling NO x emissions. Preferred combi- 
nations of this type include those wherein the catalyst is a three-way catalyst, a monolithic catalyst or a 
monolithic three-way catalyst; and wherein during operation of the vehicle there are reductions in the quantity 
■of engine-out NO x and in the quantity of tailpipe NO x emissions. 

This invention also provides a method of reducing the quantity of NO x emitted during the operation of a 
55 motor vehicle equipped with a spark-ignition internal combustion engine, an exhaust gas catalyst and a gasoline 
tank for holding and dis-pensing to the engine a liquid fuel for use in the operation of the vehicle, which method 
comprises periodically providing to such tank a supply of liquid fuel containing at least one fuel-soluble cyc- 
lopentadienyl manganese tricarbonyi compound in an amount equivalent. to up to but preferably less than 1/32 
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gram of manganese per gaUon such that there is a reduction in engine-out NO, ; and causing such vehicle to 
be periodically operated on liquid fuel containing at least one fuel-soluble cydopentadienyl manganese tricar- 
bonyl compound in an amount equivalent to up to but preferably less than 1/32 gram of manganese per gallon 
for at least a cumulative period of time such that there is a reduction in the tailpipe NO, emissions from such 
5 vehide. PreferaWy.the vehide is caused to be periodically operated on liquid fuel containing at least one fud- 
sduble cydopenladienyl manganese tricarbonyl compound in an amount equivalent to up to but preferably less 
than 1/32 gram of manganese per gallon for at least a cumulative period of time such that the reduction in the 
tel-pipe NO, emissions from the vehide becomes at least equivalent to the reduction in engine-out NO x 

In each of the above embodiment of this invention the most preferred cydopentadienyl manganese tiicar- 
10 bonyl compound for use therein is methylcydopentadienyl manganese tricarbonyl. 

The above and omer embbdiments of this invention will be sffll further apparent from the ensuing descrip- 
tion, accompanying drawings, and appended dairns. 

Fig. 1 is a plpt of weighted average nitrogen oxides tailpipe emissions illustrating advantages achieved bv 
the practice of this invention. 

is Fig. 2 is a block diagram aiustrating the reductions in NO, engine-out emissions achievable by the practice 

of this invention. 

Fig. 3 is a block diagram depicting schematically a combinatioh of this invention. 
The gasdines of this invention are lead-free in the sense that no oraanolead antiknock agent is blended 
into the fuel. If any trace amounts of lead are present, such amounts are due exdusively to contamination in 
20 the system in which the fuels are formed, blended, stored, transported or dispensed. ' 

The hydrocarbonaceous gasoline base stocks that can be used in forming the gasdine blends indude 
straight run stocks, light naphtha fractions, cracked gasdine stocks obtained from thermal or catalytic cracking 
hydrocracking, or similar methods, reformate obtained by catalytic reformation or like processes pdymer 
gasolines formed via polymerization of defins. alkylates obtained by addition of defins to isobutane or other 
hydrocarbons by alkylation processes, isomerates formed by isomerization of lower straight chain paraffins 
such as n-pentane. n-hexane, n-heptane, and the like, and other hydrocarbons of the gasoline boiling range 
formed by suitable refinery processing operations. Suitable amounts of appropriate hydrocarbons formed by 
other methods such as production from coal, shale or tar sands can be included, if desired. For example re- 
formates based on liquid fuelsformed by the Fischer-Tropsch process can be induded in the blends In all cases 
however, the resultant gasdine will possess the distillation characteristics typical of conventional regular mid- 
grade, premium, or super-premium un-leaded gasdines. For example, the motor gasdines are generally within 
the parameters of ASTM D 4814 and typically have initial boiling points in the range of 70 to 115°F »*d final 
boilmg points in the range of 370 to 440°F as measured by the standard ASTM distillation procedure (ASTM 
D 86). Intermediate fractions boil at intermediate temperatures. The hydrocarbon composition of gasdines ac- 
cording to volume percentages of saturates, defins. and aromatics is typically determined by ASTM test pro- 
cedure D 1319. r 

Generally, the base gasdine will be a blend of stocks obtained from several refinery processes The final 
blend may also contain hydrocarbons made by other procedures such as alkylates made by the reaction of C 4 
defins and butanes using an add catalyst such as sulfuric acid or hydrofluoric add, and aromatics made from 
40 a reformer. 

The saturated gasoline components comprise paraffins and naphthenes. These saturates are generally 
obta.ned from: (1) virgin gasdine by distillation (straight run gasdine), (2) alkylation processes (dkylates) and 
(3) Komenzabon procedures (conversion of normal paraffins to branched chain paraffins of greater octane qual- 
ity). Saturated gasdine components also occur in so-called natural gasolines. In addition to the foregoing ther- 
mally cracked stocks, catalytically cracked stocks and catalytic reformates contain some quantities of saturated 
components. In accordance with preferred embodiments of this invention, the base gasoline blend contains a 
major proportion of saturated gasdine components. 

Olefinic gasoline components are usually formed by use of such procedures as thermal cracking and 
catalytic cracking. Dehydrogenation of paraffins to olefins can supplement the gaseous olefins occurring in the 
refinery to produce feed material for either pdymerization or alkylation processes. In order to achieve the great- 
est octane response to the addition of the cydopentadienyl manganese tricarbonyl antiknock compound, the 
defins, if used in the fuel blends, should be substantially straight chain 1-olefins such as 1-heptene 1-octene 
1-nonene, 1-decene, and the like. Olefins of this type have been reported to exhibit good antiknock respond 
to cydopentadienyl manganese tricarbonyls - see Brown and Lovell, Industrial and Enoineerino C hemist™ 

55 Vdume 50r No. 10, Odober 1 958, pages 1 547-50. " 

In accordance with prefened embodiments of this invention, the amount of olefinic hydrocarbons inthe fuel 
composition can be controlled so as to be less than about 15% by volume (and more preferably to less than 
about 10% by volume and most preferably to less than 5% by volume) and. in addition, oxygenated fuel-blending 
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components (e.g., hydrocanbyl ethers) of suitable distillation characteristics can be included in the fuel, fn order 
to still further improve the fuel compositions from the environmental standpoint, the fuel composition should be 
blended from components such that the Reid vapor pressure (ASTM test method D-323) is 9.0 psi or less and 
most preferably 8.0 psi or less. In this way the evaporative losses of the fuel into the atmosphere during storage 
5 and fueling operations can be effectively reduced. As is well known, Reid vapor pressures are determined at 
100°F (37.8°C). 

The gasoline base stock blends with which the cydopentadienyi manganese tricarbonyf additive is blended 
pursuant, to this invention will general! y contain 40 to ,90 volume % of saturates, up to 30 (and preferably less 
than 10 and more preferably less than 5) volume % olefins, and up to about 45 volume % aromatics. Preferred 
10 gasoline base stock blends for use in the practice of mis invention are those containing no more than 40% by 
volume of aromatics, more preferably no more than 30% by volume of aromatics, still more preferably no more 
than 28% by volume of aromatics, and most preferably no more Chan 25% by volume of aromatics. Preferably, 
the overall fuel blend will contain no more than 1 % by volume and most preferably no more than 0.8% by volume 
of benzene. 

15 -Particularly prefened unleaded gasolines produced and/or utilized in the practice of this invention are 
characterized by. having (1 ) a maximum sulfur content of 300 ppm, (2) a maximum bromine number of 20, (3) 
a maximum aromatic content of 20% by volume, (4) a maximum content of benzene of 1 % by volume, and (5) 
a minimum content of contained oxygen of 1% by weight in the form of at least one alcohol, monoether or 
polyether, such gasoline having dissolved therein up to 1/32 gram of manganese per gallon asmethyicyclopen- 

20 tadienyl manganese tricarbonyJ. Gasolines of this type not containing the manganese additive are sometimes 
referred to as reformulated gasolines. See for example. Oil & Gas Journal , April 9, 1990, pages 43-48. 

typically the content of oxygenates in the fuel is equiva-lent to up to about 2.7 weight percent of oxygen 
in the fuel. Methods for the production of suitable oxygenated blending components are described in the literat- 
ure. See for example U.S. Pat Nos. 4,988,366 and 4,990,712, and published European patent applications 

25 EP 410,689 and 410,690. 

From the standpoint of octane quality, the preferred gaso-line base stock blends are those having an octane 
rating of (R .+ M)/2 ranging from 78-95. 

Any of a variety of cyciopentadienyi manganese tricarbonyi compounds can be used in the practice of this 
invention. Reference may be had, for example, to U.S. Pat No. 2,818,417, for a description of suitable eye- 

30 lopentadienyl manganese tricarbonyi compounds and their preparation. Illustrative examples of the manganese 
compounds which can be utilized in accordance with this invention include cydopentadienyi manganese tricar- 
bonyi, rnethylcycfopentadienyl manganese tricarbonyi, dimethyl cyciopentadienyi manganese tricarbonyi, 
. trimethylcyclopentadieny! manganese tricarbonyi, tetramethyi cyciopentadienyi manganese tricarbonyi, pen- 
tamethyicydopentadienyl manganese tricarbonyi, ethylcyclopentadienyl manganese tricarbonyi, diethylcyc- 

35 lopentadienyl manganese tricarbonyi, propylcydopentadienyl manganese tricarbonyi, isopropylcydopen- 
tadienyl manganese tricarbonyi, tert-butylcydopentadienyl manganese tricarbonyi, octyicyclopentadienyi man- 
ganese tricarbonyi, dodecytcydopentadienyl manganese tricarbonyf, ethyimethylcydopen tadienyl manganese 
tricarbonyf, indenyt manganese tricarbonyi, and the like, including mixtures of two or more such compounds. 
Generally speaking, the preferred compounds or mixtures of compounds are those which are in the liquid state 

40 of aggregation at ordinary ambient temperatures, such as methylcydopentadienyl manganese tricarbonyi, 
ethylcyclopentadienyl manganese tricarbonyi, liquid mixtures of cyciopentadienyi manganese tricarbonyi and 
methylcydopentadienyl manganese tricarbonyi, and mixtures of methylcydopentadienyl manganese tricar- 
bonyi and ethyicyclopentadienyi manganese tricarbonyi. The most preferred compound because of its com- 
rnerdal availability and its excellent combination of properties and effectiveness is metylcydopentadienyl 

46 manganese tricarbonyi. 

As an example of the practice and advantages of this invention, a fleet test was conducted to investigate 
the effect of methylcyclopentadienyl manganese tricarbonyi (MMT) on exhaust emissions form production cars. 
The fleet consisted of 48 cars — six cars each of eight models representing more than 50% of 1988 U.S. sales. 
Three of each model were tested for 75,000 miles using the base fuel. The other three used the base fuel plus 

so 0.03125 gram of manganese per gallon as MMT. Neither fuel contained any other additives. 

The primary objective of this program was to determine if an emission difference occurred in use due to 
the addition of of the additive in unleaded gasoline. Howell EEE fuel was selected as the mileage accumulation 
gasoline because: 

1. It is consistent in quality and readily available. 

55 2. It has high octane quality - 92. 1 (R + M)/2. None of the cars was expected to experience knock on this 

fuel. 

3. It is widely used for emission test work. 

Howell EEE fuel has a normal Reid vapor pressure of approximately 9 psi and thus would not be expected 
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to give canister loading problems during emission testing. Specifications and typical properties for the fuel used 
in the test program are given in Table 1. . • v - ■ : • . 




TABLE 1 . - Hovell £££ Test Fuel 
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03125 g Mn /gal: as MMT. Fuel used in the test program within the 
minimum and maximum specifications specified in this table. Because the 
MMT additive has an effect only on octane quality, specifications for Howell 
5 EEE remain the same with the addition of MMT, except for RON, MON 

and (R + M)/2. 

As noted above, half of the test fleet cars (24) were run on dear Howell EEE fuel, with the other cars (24) 
10 run on Howell EEE plus 0.03125 gram of manganese per gallon as MMT. 

For emission testing, use was made of the Federal Test Procedure (FTP) developed by the EPA for vehicle 
emission certification under the Clean Air Act. A few minor changes were made in the FTP test protocol because 
■ the program was designed to compare the performance of the emission system when different fuels are used, 
not to certify the emission control system. ■ . ;> 
15 Emission tests were performed using a constant volume sampler (CVS) according to FTP-75 guidelines. 

All duplicate emission test data were obtained using the same CVS system and chassis dynamometers. Two 
test sites cross-checked analytical equipment performance using a common standard reference gas. Engine 
emission data were obtained at the 50,000-mile and 75,000-mile points in order to obtain converter efficiency 
data. 

20 The diurnal heat soak prior to each emission test was not performed. The common use of Howell EEE as 

the base mileage accumulation fuel and the emission system test fuel negated such a need. Additionally 
evaporative emissions testing was not per-formed at each 5,000-mile test point 

The test fleet used the normal maintenance schedules as outlined in the car models owner's manual. 
Although the type of driving in the mileage accumulation is considered "normal service", the schedules were 

25 adjusted as required by good maintenance "service". For example, air filters normally are changed each 30,000 
miles. However, early experience with the cars run on the road route indicated that filters needed to be changed 
each 15,000 miles, primarily due to the high dirt levels in construction areas. Ofl and oil filters were changed 
at specified intervals. Transmission fluids were replaced if the color or smell indicated fluid stress. 

During this 50,000-mile investigation, a decision was made to continue the test to 75,000 miles. In the 

30 50,000- to 75,000-mile period, there was very little unscheduled maintenance except where component failure 
occurred. 

In this program, which covered 48 cars tested through 75,000 miles, there were approximately 2,500 emis- 
sion tests. Of this number, fewer than 30 were rejected as invalid. 

. The exhaust emission data generated in this test were subjected to statistical analysis by two independent 
35 companies - Roberson-Pitts, Inc., in Raleigh, NC, and Systems Applications, Inc., in San Rafael, CA. Both anal- 
yses showed that the test fleet met the EPA criteria for cause or contribution, as outlined in Section 21 1. 

Where engine or component failure occurred, or a problem with vehicle operations was noted, the on-site 
manager could request additional testing. Also, cars would be tested after any emission-related component was 
changed by the car. dealer service organization. 
40 Mileage accumulation began in the July-August period in 1988 and ended in the January-February prior 

in 1990. 

The results of the statistical analysis on nitrogen oxide emissions are summarized in the following dis- 
cussion and are depicted in Fig. 1. 

As shown in Fig. 1, NO x emissions with the additive fuel are much lower than those with clear fuel. On a 
45 weighted-average basis, both groups of cars meet the current 1 .0 g/mile standard. 

Mean integrated NO x emissions are shown in Table ?. The improvement in NO* began at 5,000 miles and 
continued throughout the test Obviously, the difference in NO x emissions is statistically significant and, as will 
be shown hereinafter, is a result of less loss in converter effectiveness. 

50 



55 
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TABLE 2 - Nitrogen Oxides Erois<:inr,cr , 

Mean Integrated Emissions / : 
5 " : WO, Emissions, q^ mile - : ££3 

w - , Delta 
-HUss.- Clear (WT-ei^s 

1-50 K 0.42 0.49 '% ^r ;::. 

f0 .1-75 K 0.43 0.55 :-ol:Xi/^ 



20 



50 



The deterioration rates for NO x were determined using quadratic regression/lt became obvfoustfiat a quad- 
ratic regression would represent a better fit of the data than a straight-line linear regression. / 
15 The deterioration rate at any mileage point is estimated as the slope of the regression curve at that mileage 

The estimated rates are shown in Table 3 which show improvement in deterioration rates on. NO . 



TABLE 3 - Estimated Deterioration Rar^ 



Deterioration Rate/10, 000 miles 

25 25,000 Miles 

50,000 Miles 
75; 000 Miles 

Deterioration Factor 

30 Quadratic Coefficient 



EEE. , 


:MMT 


0.04 


0.01 


0.05 . 


0.01 


0.06 


0.01 


1.85 


1.29 


0.00 


-0.00-- 



In Table 3, the deterioration factor is the fitted (from the quadratic regression) 75,000-mfle emission rate 
divided by the fitted 4,000-mile emission rate. The quadratic coefficient is the rate of change (decrease) in the 
35 deterioration rate. 

Several emission components were checked at the 50,000-mile point to determine rf these components 
would have an effecton emissions differences. For example, new fuel injectors were installed in all themultiport 
cars. This was done to determine if the non-detergent fuel had resulted in a deterioration in emission control 
In one model, installation of new fuel pumps and fuel injectors resulted in a large difference in emissions from 
40 some cars. The results of this study are summarized in Table 4. 

TAB LE 4 - Average Effects of MKT to 75.000 MiMp<; 

45 Average Integrated 

NO^ Emissions 1,000 to 
75.000 Miles, a/mile 
EEE MMT MMT Effect, a /mi 1 p 



0-55 0.43 -0.11 

After Adjustment for Component Change Effects 
0.55 0.43 -0.12 

55 The statistical analysis conclusions for the first 50,000 miles can be summarized as follows: 

a) There is no significant adverse effect of the additive on deterioration for NO x . 

b) There is no significant adverse effect of the additive on the estimated mileage at which the standard i 
first exceeded for NO x . 
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\ c) There is no significant adverse effect of the additive on the estimated maximum percentage of vehicles 
failing the standard over 50,000 miles for NO x . ; . " . 

d) There is no significant adverse effect of the additive on the increase in emissions from initial mileage 
(1,000 miles) to 50,000 miles for NO x . 
5 e) The change in emissions from initial mileage (1 ,000 miles) to 5,000 miles is not significantly greater for 

,the additive-fueled cars for NO x . 

f) The integrated emissions above initial levels from initial mileage (1,000 miles) to 50,000 miles is not sig- 
nificantly higher for the additive-fueled car for NO x . 

g) No adverse effects were detected in the additrverfueled cars for NO x in any of the statistical tests applied. 
w In fact, NQ X emissions were substantially lowered in cars fueled with the additive. The statistical results 

imply that the use of the additive would result in statistically significant reductions in NO, emissions. 

Stated more simply and directly — and eliminating the linguistic protocol employed for statistical analysis 
- the above conclusions boil down to the fact that practice of this invention resulted in substantial reductions 
in NO x emissions. 

15 To determine what impact, if any, use of the additive would have on the durability of emission control system 

components, the following investigations were conducted: 

A series of evaluations was undertaken to determine if the additive affects the performance of oxygen sen- 
sors. After will cars of a model group in the test fleet had reached .50,000 miles and the necessary emissions 
test for that mileage had been completed satisfactorily, the oxygen sensors were carefully removed from each 

20 car. A car from each model group fueled with clear Howell EEE and which gave the most repeatable emissions 
ratings was selected as the "test bed" car. It was used as the common source of engine emissions for comparing 
the performance of all of the oxygen sensors from that model group. The oxygen sensors in those "test bed** 
cars were replaced in sequence by sensors from the other cars of like model in the test leet. TaBpipe emission 
were then measured. 

25 The mean differences in NO x emissions between that sensors operated on the additive fuel and those op- 

erated on Howell EEE clear fuel are shown in Table 5 for the various car models. These data show that there 
is no significant difference between the two groups of sensors at the 95% confidence level as determined by 
the standard T-test statistical method. 



30 



35 



5 - Summary 


of Oxvoen Sensor 


Evaluation" 




Nitroaen 


Oxides 




Mean 


Stat 


Model 


Viff 


SiarT" 


C 


-0.009 


No 


D 


-0.040 


No 


E 


-0.030 


No 


F 


-0.109 


No . 


G 


-0.173 


. No 


H 


-0.027 


No 


I 


-0.011 


No 


T 


-0.043 


No 



45 



"Test bed" vehicle tailpipe emission with sensors run on 
MMT sensors run compared to sensors on Howell EEE. 

Mean difference in g/mile aftrer sensors used for .50,000 
miles. 

Statistical significance at the 95% confidence level. 



50 



This analysis demonstrated that the benefit of NO x reduction by use of this invention was not a result of 
oxygen sensor aging since all sensors operated the same. 

An automobile catalytic converter is designed to greatly reduce exhaust emissions of HC, CO and NO x . 
55 To determine whether the additive had an effect on the performance of catalytic converters in cars, special tests 
were conducted on the test cars at 1,000, 50.000 and 75.000 miles. To do this, a mini-type CVS unit that was 
developed forCVS-type measurements of engine-out emissions was used. See Randall et'al. Simultaneous 
Measurement of Engine-out and Tail Pipe Mass Emissions , SAE Paper 790705. 
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Data shown in Table 6 show that the additive fuel improves conversion efficiency for NO* when compared 
with cars operated on the clear fuel. . _ , . 



TABLE 6 - Catalyst Conversin n EffiHAn^ , 
Nitrogen Qxides 



Car : 
Model 






''Efficiency 


% - " •• " 


FOEL 


1 , 000 
: Miles 


50,000 ■'• 
Miles . r. 


75,000 
Miles 


C 


Additive 
Clear 


96 . 0 
95.9 


89;5 
84 .3 


.89.. 4 

" : B'i'y9- 


D 


Additive 
v-iear 


-74.9 
74.2 


75.0 
76.7 


.. 75,4 
77.2 


E 


Additive 
Clear 


91.6 
92.8 


- 79.1 
77.2 


30.7 
77.6 


G 


Additive 
Clear 


84.2 
86.9 


.77.3 
77.3, 


77^0 
7 5-9 


H 


Additive 
Clear 


67.3 
73.3 


66.4 
67.3 


74.1 
65.7 


I 


Additive 
Clear 


85.8 
87.5 


80.7 
76.0 


81.7 
75.7 


T 


Additive 
Clear 


84.4 
83.4 


80.8 
77.0 


84.3 
80.9 


Fleet 


Additive 
Clear 


83.5 
84.9 


78.4 
76.5 


80.4 
76.7 


Note: 


All models run 


on clear 


fuel to 1,000 miles 



Conversion efficiency was determined for all cars except car model F. The dose-coupled catalysts in car 
model F precluded conversion efficiency measurements on this group of cars. 

Because all cars were operated on the control gasoline for the first 1,000 miles, this provided a base com- 
parison point to determine the effect of the additive fuel versus the clear fuel on catalyst conversion efficiency 
at 50,000 and 75,000 miles. However, conversion efficiency at 1,000 miles for the three cars within a model 
group to be operated on fuel containing the additive could be slightly different from the conversion efficiency 
for the three cars operating on clear fuel. To compensate for this difference, the "loss in efficiency- from 1,000 
miles to 50,000 and 75,000 miles, respectively was calculated. 

The catalytic converter performance on NO x presented as "loss in efficiency" from the 1 ,000-miIe point was 
8.2 percent loss for the clear fuel and only 3. 1 percent for the MMT fuel. Thus the additive fuel does not have 
a deleterious effect on catalyst conversion efficiency. In fact the data indicates that the additive fuel enhances 
the ability of the catalyst to convert NO x emissions when compared to the clear fuel, and this effect increases 
between 50,000 and 75,000 miles. This benefit is probably due to the manganese oxides on the catalyst, which 
assist in reducing the nitrogen oxides. See Edwards et al, Environmental Science and Technology . June 1979. 

In order to determine the converter efficiency at 1 000, 50,000 and 75,000 miles it was necessary to deter- 
mine the base engine emissions (called "engine-out" emissions). This data is summarized in Fig. 2. It wQI be 
seen that utflization of a manganese-containing fuel pursuant to this invention resulted in a significant reduction 
in NO x emissions whereas utilization of the additive-free fuel in the same manner resulted in an increase in 
NO x emissions. In fact, the difference in engineout NO x emissions attributable to the practice of this invention 
after 74,000 miles of operation amounted to a reduction of 0. 17 grams of NO x per mile. That is, the additive-free 
fuel gave an increase of from 2.18 to 2.26 grams of NO x per mOe whereas during the same period the additive- 
containing fuel gave a decrease of from 2.23 to to 2.14 grams of NO x per mfle. 

Manganese in the additive is converted primarily to MN 3 0 4 in an engine. While the quantity of manganese 
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. in gasoline is small, it was desired to determine whether manganese oxides might contribute to catalyst plug- 
ging. To determine whether the additive tends to plug emission systems, measurements were made of exhaust 
back pressure on the test cars (i.e., total pressure ahead of me catalyst)! This measurement represents the 
restriction generated by the catalyst and the acoustic components of the exhaust system. Ail cars, except those 

5 in car model group F, were tested for back pressure after 75,000 miles of service. Car modej F was not tested 
because a pressure gauge tap could not be installed. - :: ' T .'JJ 

Pressure on the exhaust system was measured at an engine speed of 4500 rpm and wide open throttle 
(WOT). The data are summarized in Table 7. There was no statistically significant difference in exhaust system 
back pressure between cars that were fueled with Howell EEE gasoline containing the additive or clear Howell 

10 EEE. This test, along with results from the high-speed testing described next, demonstrate that the additive 
does not cause catalyst plugging. The data summarized in Table 7 also demonstrate that the reductions in NO x 
resulting from the practice of this invention are not due to increased back pressure. Thus although NO x emis- 
sions from an engine can be lower if the exhaust back pressure is increased, the fact that there was no signifi- 
cant change in back pressure shows that the reductions in NO x could not have been caused by increased back 

15 pressure and consequent increased exhaust dilution. 
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TABLE 7 - Exhaust flarV Wci, r ~ 


Summary 








Fleet Cars" 




5 


Howe I) 




Hovel 1 PTTP j, mr^n 




Car 




Car - ,: "-'r 
Number- 




10 


CI 
C4 
C5 


7.3 
. €-9 
7.1 


:; ■ 1 .- C2 ■■ :. . : - 
03 
C6 


•..•7.4, 
7.5 
7.5 




Average 


7-1 


Average 


■ 7iS 


15 


Dl 
D2 
D3 


16.0 
15.7 
15.8 


D4 

D5 . 
06 


-15.. 9 
15.5 
15.2 




Average 


15. fi 


Average 


15.5 


20 


E2 
E4 


7.6 
6.7 
7 4 


El 
E5 
E6 


6.9 
* 6.8 
7.4 




Average 


7 ♦ 2 


Average 


7.0 


25 


Gl 
G2 
G4 


8.5 
10.1 
9 . O 


G3 
G5 
G6 


9.2 
9.8 
9.0 




Average 


9 .2 


Average 


9.3 


30 


HI 
H2 
H5 


10.5 
10.9 
10. 8 


H3 
H4 
H6 


10.9 
10.8 
10.8 




Average 


10 "7 


Average 


10.8 


35 


11 
13 
15 


17.0 
17.0 
17.1 


12 
14 
16 


16.9 
17.3 
17.6 




Average 


17.0 


Average 


17.3 


40 


T2 
T3 
T6 


16.5 
16.7 
16.6 


Tl 
T4 
T5 


16.6 
16.6 
16.8 




Average 


16.6 


Average 


16.7 



45 



Measured at 4 500 rpm and vide open throttle after- 
fleet cars had accumulated 75,000 miles 

Back pressure in inches of mercury. 
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5 0 IJZZST? T * add,0Ve U " der ^-SP™* ^"ditions would cause catalyst plugging two 

c^ZTez^Z^T* Hi9h - SPeed teStin9 " ^ «* iS with a ^LpL wan^ 

2rL te * ° f * Y -* pe exhaust s V stem - aose-coup.ed catalysts are considered susceptible to plug 
gmg because hot exhaust gases have hadonly a minimal opportunity to cool before entering the catalyst, wS 

osedtotheFuelAddmveMMT SAE Paper890582. Thus, this invention utilizes a condition which the prior art 

^?S! d , he " ,0US a " d WWch WaS S ° U9ht to be e,iminated " Note in » is connection, U S P^Nos 3 926 
3,948,618; 3.950, 145; 3.958,955; 4.005.992, 4,005,993; 4.052,171- 4 082 51 7 and Re * | Sa Jtt 1' 
noting .at a,though the additives of tbese U.S. patents are ^J^L^S^E^ 
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can be employed if desired. , v.,,. ... ; ; ,: :v 

"The cars used for this test had accumulated approximately ,1 5 f 000 : miles in normal rental service prior to 
this test After cars were received new catalysts and oxygen censors were installed prior to starting the test 
During the test, one car operated on dear Howell EEE fuel, ^ EEEfuelplus 
5 the additive at 0.03125 g Mn/gallon. : ■ , v - : 

The driving cycle was based on discussions with car company engineers. The cycle that was used at a 
: test track is shown in Table 8. During the first 25,000 miles, the top speed was 65 mph for approximately 45% 
of the driving cycle. After completion of the 25,000-mile portion, the car was tuned up and the driving cycle was 
made more severe. The top speed was raised to 80 mph from the previous level of 65 mph for 10,000 ; additional 
10 .miles. - . " - 



TABU: B = High-Speed Test Schedule 
Schedule for first: 25,000 miles 
Mile 



15 



20 



0.0 Leave start position at 15-20 mph:- Accelerate to 35 mph. 

0.3 Reduce speed to 15 mph (brake retard) 

0.4 Stop. Accelerate to 55 mph. 

1.9 Slqv to 4 5 mph. Maintain. 

25 3.3 Accelerate to 65 mph. Maintain. 

6.0 Reduce speed to 35 mph. 

6.3 Reduce speed to 15 mph (brake retard) 

6.4 Stop. Accelerate to 55, mph, etc. 



30 





Speed , mph 


15 


35 


45 


55 


65 


35 


Distance, miles 


0.1 


0.3 


1.4 


1-5 


2.7 




Percent (Approx.) 


2 


5 


23 


.2 5 : 


45 



45 



B. Schedule for additional 10,000 miles 

The same schedule was followed except the speed of the 65 mph 
portion was increased to 80 mph. 



To determine if catalyst plugging had occured, exhaust back pressures were measured just ahead of the 
close-coupled catalysts at wide open throttle and 4,500 rpm. Back pressure on both cars remained constant 
50 at 8 psi for both segments of the high-speed testing, indicating no catalyst plugging. 

It will be appreciated that in addition to NO Xl measurements, the above-described tests also involved meas- 
. urements of hydrocarbon and carbon monoxide emissions from the cars in the test fleet. The data on hydrocar- 
bon and carbon monoxide emissions are not dealt with herein as this invention is focused primarily on control 
of NO x emissions. However, for a full account of the result on hydrocarbon emission (as well as NO x emissions) 
55 see Lenane, Effect of a Fuel Additive on Emission Control Systems , SAE Paper 902097, presented at the In- 
ternational Fuels and Lubricants Meeting and Exposition at Tulsa, Oklahoma of October 22-25, 1990. 

Fig. 3 schematically depicts a system of this invention. The system is composed of tank 30 containing a 
supply of gasoline-type fuel of this invention, an internal combustion engine having at least one combustion 
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chamber 50 and an exhaust gas catalyst system 70. Gasoline-type fuel of this invention is periodically intro- 
duced .ntojank 30 as indicated by arrow 25 from an external source (not shown),During engine operation fuel 
is delivered from tank 30 to combustion chamber 50 as indicated by arrow 45. The exhaust from the combustion 
m combustion chamber 50 leaves combustion chamber 50 and is delivered as indicated by arrow 65 to exhaust 
gas catalyst system 70. During this process, a catalyst-enhancing quantity of manganese oxides remains within 
catalyst system 70. Exhaust gas leaving catalyst system 70 is aspirated as indicated by arrow 95 

By virtue of this invention, after a break-in period, the amount of engine-out nitrogen oxide emissions travel- 
ing from combustion chamber 50 to catalyst system 70 is reduced as compared to the amount that would be 
present in the same system operated on the same fuel devoid of the cydopentadienyl manganese bicarbonyi 
compound. Further, because of the presence of the catalyst-enhancing quantity of manganese oxides laid down 
in catalyst system 70 after a suitable period of continuous or discontinuous engine operation, the amount of 
nitrogen oxides leaving catalyst system 70 is lowerthan it would be in the absence of such manganese oxides 
Consequently, the amount of NO, emissions aspirated from the engine (generally refeired to as tailpipe emis- 
s.ons) as indicated by arrow 95 is significantly reduced.through the summation of the reductions effected in 
engine-out emissions (arrow 65) and catalyst-out emissions (airow 95). 



Claims 

1. In combination, a spark-ignition internal combustion engine, a supply of liquid fuel for the operation of said 
engine, and an exhaust gas catalyst for controlling the amount of pollutants released to the environment 
via the engine exhaust after the exhaust has contacted said catalyst, said combination being characterized 
in that 

a) said fuel contains at least one fuel-soluble cyclopentadienyl manganese tricarbonyl compound in an 
amount equivalent to up to 1/32 gram of manganese per gallon of fuel; and 

b) the NO, control activity of said catalyst has been enhanced by prior operation of said engine on fuel 
containing at least one fuel-soluble cyclopentadienyl manganese tricarbonyl compound in an amount 
equivalent to up to 1/32 gram of manganese per gallon of fuel; such that there is a reduction in the quan- 
tity of nitrogen oxides in the exhaust emitted during the operation of said engine. 

2. A combination according to Claim 1 further characterized in that said catalyst is a three-way and/or mono- 
lithic catalyst 

3. An automotive vehicle equipped with a spark-ignition internal combustion engine, a supply of liquid fuel 
for the operation of said engine, and an exhaust gas catalyst for controlling the amount of pollutants in 
the engine exhaust released to the environment, said fuel containing at least one fuel-soluble cyclopen- 
tadienyl manganese tricarbonyl compound in an amount equivalent to up to 1/32 gram of manganese per 
gallon of fuel, and said vehicle having been previously operated on fuel containing at least one fuel-soluble 
cyclopentadienyl manganese tricarbonyl compound in an amount equivalent to up to 1/32 gram of man- 
ganese per gallon of fuel to enhance the activity of said catalyst in controlling NO x emissions. 

4. A combination according to Claim 3 wherein the catalyst is a three-way and/or monolithic catalyst and whe- 
rein during operation of said vehicle there are reductions in the quantity of engine-out NO, and in the quan- 
tity of tailpipe NO, emissions. 

5. A method of reducing the quantity of NO, emitted during the operation of a motor vehide equipped with 
a sparic-.gn.tion internal combustion engine, an exhaust gas catalyst and a gasoline tank for holding and 
dispensing to the engine a liquid fuel for use in the operation of the vehide, which method comprises 
periodically providing to said tank a supply of liquid fuel containing at least one fuel-soluble cydopen- 
tadienyl manganese tricarbonyl compound in an amount equivalent to up to 1/32 gram of manganese per 
gallon such that there is a reduction in engine-out NO,, and causing said vehide to be periodically operated 
on liquid fuel containing at least one fuel-sduNe cydopentadienyl manganese tricarbonyl compound in 
an amount equivalent to up to 1/32 gram of manganese per gallon for a cumulative period of time such 
that there is a reduction in the tailpipe NO, emissions from said vehide. 

6. A method as daimed in Claim 5 wherein said catalyst is a three-way and/or monolithic catalyst and said 
tncarbonyl compound is methylcydopentadienyl manganese tricarbonyl. 

7. A method of redudng the quantity of NO, emitted during the operation of a motor vehide equipped with 
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a spark-ignition internal combustion engine and an exhaust gas catalyst, which method comprises operat- 
ing said vehicle for a cumulative total of at least 5,000 miles on liquid gasoline fuel containing at least one 
fuel-soluble cyclopentadienyl manganese tricarbonyl compound in an amount equivalent to up to 1/32 
gram of manganese per gallon such that there is a reduction in the tailpipe NO x emissions from said ve- 
5 hide. 

8. A method as claimed in Claim 7 wherein said tricarbonyl compound is methyicydopentadienyl manganese 
tricarbonyl. 

A method of reducing the quantity of NO x emitted during the operation of a population of motor vehicles 
equipped with gasoline engines and exhaust gas catalysts, which method comprises causing said vehicles 
to be operated for a cumulative total of overS.OOQ miles per vehicle on liquid gasoline fuel containing at 
least one fuel-soluble cyclopentadienyl manganese tricarbonyl compound in an amount equivalent to up 
to 1/32 gram of manganese per gallon such that there is an overall reduction in the tailpipe NO x emissions 
from said population of vehicles. 

A method as claimed in Claim 9 wherein said tricarbonyl compound is methyicyclopentadienyl manganese 
tricarbonyl, wherein said population of motor vehicles includes vehicles equipped with (a) a monolithic 
catalyst, or (b) a three-way catalyst, or (c) a dose-coupled catalyst, or any two or all three of (a), (b) and 
(c), and wherein at least the majority of said population of vehides are operated on said liquid gasoline 
fuel for a cumulative total of over 50,000 miles per vehide. 
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NOx ENGINE-OUT EMISSIONS 
42-Car Test Fleet 
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